Abstract-For exploring the recognition performance of MUAPs, using the synthesized signal, the candidate MUAPs were detected by the combined method of continuous wavelet transform and hypothesis testing, the primary clustering of MUAPs was done by the fuzzy k-means algorithm, and the superimposed waveforms were decomposed by the modeling approach. The experimental results showed that the simulated MUAPs could be correctly extracted and classified by the proposed strategy.
INTRODUCTION
In recent years, the detection and classification of motor unit action potentials (MUAPs), generally, this processing is also called electromyography (EMG) signal decomposition, has been the focus. This work can be used to explore the characteristic of the neuromuscular system. Typically, it can directly afford the recruitment and firing information about the motor units, and the motor unit conduction velocity and shape varying process can be acquired by the detected MUAPs to indirectly help the analysis of fatigue and diagnosis of neuromuscular diseases [1] [2] [3] .
Many methods have been applied in the precise MUAP extraction. The pattern recognition is the basic technique, and it utilizes one or more classifiers to recognize all of the detected MUAPs according to their feature values. At the candidate waveforms detection stage, the threshold set method was the simplest, and it presented well in the intramuscular EMG (iEMG) signal [1] [3] [4] [5] . But it was not suitable for the surface EMG (sEMG) signal because of the lower signal-to-noise ratio and spike resolution, then, the continuous wavelet transform (CWT) was utilized to improve the performance of waveforms detection [6] [7] . At the classification stage, basing on the timedomain and/or frequency-domain feature parameters, much different supervised and unsupervised classification algorithms had been implemented. Such as, fuzzy k-means clustering, nearest-neighbour rule, template matching, neural networks, fuzzy logic, and so on [1] [3] [4] [5] [6] [8] . Remarkably, De Luca had developed a recognition method of knowledge-based artificial intelligence framework to classify MUAPs from the sEMG signal, and compared with the iEMG signal decomposition to identify the good performance [9] . At last, the two fundamental strategies, peel off and modeling approach, could be used for the superimposed waveforms decomposition to acquire the final MUAPs classification and their firing location detection results [1] . In this paper, an effective pattern analysis strategy was used to recognize the MUAPs, and a physiological model of sEMG signal was applied to quantitatively analysis the results. The improved combination method of the CWT and hypothesis testing was implemented to obtain the candidate MUAPs. Then the information of individual motor units could be acquired by the algorithms of fuzzy k-means clustering and superimposed waveforms decomposition. The strategy of MUAPs detection and classification was illustrated in Fig. 1 .
II. MATERIAL AND METHODOLOGY

A. Signal simulation
The model analysis can help to describe the physiological generation process of EMG signal and the relationship between the different recruited motor units. It is available to explore the decomposition method of EMG signal.
According to some publications, a physiological model of sEMG signal had been established [2] [12] . This model started with the mathematical description of transmembrane current source, and it could be simplified to be the tripole [13] . When the motoneuron is activated, then the tripole current source signal propagates along the fiber direction from the endplate region to the tendons of muscle fiber. During this period, the shape of single fiber action potential (SFAP) is formed. Then, the summation of all the SFAPs of the muscle fibers innervated by one motor unit can be synthesized as the MUAP. Relating to the firing process of each motor unit, the inter-pulse intervals can be simulated as the gaussian distribution [14] . Combining with other assumptions of the structure and function of volume conductor, motor units, electrode configuration, and so on, the sEMG signal is regarded as the superposition of MUAP trains from actived motor units and various noise components.
To confirm the simulated sEMG signal, the comparison of MUAP shapes and spectral variation between the recorded and simulated sEMG signal had been accomplished, and it showed that the proposed model was valid [2] [12].
B. Candidate MUAPs detection
Due to the multi-resolution characteristic, the CWT method is fit for the waveform detection in the noisy signal. At the previous work, the scalogram coefficients of CWT had been calculated, and the maximum points of scalogram were utilized to extract the MUAPs from the sEMG signals. And the values of time shift and scale factor were taken to compute the time location and duration of the detected MUAPs [6] [7] .
The detection of candidate waveforms in the classification of MUAPs is the key process. The acquired results of simple amplitude threshold set method may be interrupted by the noise to bring the false spikes and omit some firing action potentials. To improve the performance, a method of combining with the hypothesis testing and CWT was applied in this work [2] [15] . And the first order Hermite-Rodriguez (HR) function was used as the mother wavelet, because of its similar shape with the bipolar MUAP waveform [6] [7] [16] [17] .
Obviously, only two results can be obtained for judging whether there are waveforms in the observed signal. Then, for the CWT coefficients, the formula of binary hypothesis testing can be expressed as [2] [15]
: [15] . Using the detected firing locations by the combined method of CWT and hypothesis testing, then, the candidate MUAPs in the EMG signal can be acquired by the segmentation processing.
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C. MUAPs classification
Generally, there is no prior knowledge that can be provided for distinguishing the MUAPs in the voluntary contraction, especially for the sEMG signal. With the extracted features which can be used to represent the characteristics of MUAPs, the unsupervised learning concept is suitable for the MUAPs recognition. And the fuzzy k-means clustering algorithm was applied in this work [3] [18].
As we know, if many motor units are recruited in the EMG signal, the superimposed waveforms will be formed because of the synchronous firing of two or more motor units at the same time or in the very short time. Certainly, these superimposed waveforms can't be clustered, and need to be separated into the constituent MUAPs. Followed by that the mean waveforms of the clustering results are considered as the templates, then, which is based on the combination of the previous templates at certain time shifts, the modelling approach can be applied to solve the problem of the superimposed waveforms [1] .
III. EXPERIMENTAL ANALYSIS
In the simulation, three motor units were set to randomly distribute in the volume conductor, and were used to synthesize the EMG signal. The inter-pulse intervals of their firing process were set to be gaussian. The bipolar electrode configuration for the signal collection was applied. And the appropriate noise signal was added.
For reducing the noise component, a band-pass filter was utilized, and the processing of normalization and mean removal was taken to adjust the signal. Then, the simulated EMG signal was acquired and illustrated in Fig. 2 . Using the combined method of CWT and hypothesis testing that was proposed, the candidate waveforms were detected. Using the fuzzy k-means clustering algorithm and the two features of the amplitude and area of the waveforms, the primary clustering results had been Fig. 2 . It showed that three kinds of MUAPs which labeled by their amplitudes could be found, and there were three superimposed waveforms could not be classified.
For the MUAP location, the difference would be made by the simulated and detected firing locations, as showed in Fig. 3 . The first point of the simulated MUAP waveform was the starting location which represented its firing location. Using the proposed detection method, the detection location should be computed by the MUAP characteristics, and it usually was in the middle region of the waveform.
For the extraction of the MUAP templates, all of the three kinds of MUAPs by the primary clustering processing could be extracted form the simulated EMG signal, they were illustrated in Fig. 4 , and labeled as "muap1", "muap2" and "muap3". The results showed that each kind of MUAPs almost looked similar, only a little difference existed in the same sort, and their mean waveforms were regarded as the MUAP templates. Then, for comparing the waveform analysis performance, the correlation coefficients between the extracted templates and the simulated bipolar MUAP waveforms had been calculated, and the values were 0.9864, 0.9679 and 0.9790. The results indicated that the extracted MUAPs could keep the similar with the original signal, though some variation of MUAPs existed caused by the noise influence.
For the superimposed waveforms, they did not belonged to any kind of MUAPs, and the decomposition processing should be done. Three superimposed waveforms had been found in the simulated EMG signal, and labeled as "s1", "s2" and "s3". It could be seen that the first and third superimposed waveforms were partially superimposed, and the second was completely superimposed. Using the modeling approach and the extracted MUAP templates, the constituent MUAPs of the superimposed waveforms were acquired, the results were illustrated in Fig. 5 . In this figure, the left pictures represented the superimposed waveforms, and the synthesized superimposed waveforms by the templates were labeled as "CW1", "CW2" and "CW3", it could be seen that the synthesized superimposed waveforms by the templates were almost alike with extracted superimposed waveforms from the simulated EMG signal. The right pictures represented the constituent MUAP templates, and they were labeled as the "MUAP1", "MUAP2" and "MUAP3", it could be seen that each superimposed waveform was composed of the summation of every two templates at a certain time shift. In detail, the first superimposed waveform was formed by the templates of "MUAP2" and "MUAP1", the second was formed by the templates of "MUAP1" and "MUAP2", the third was formed by the templates of "MUAP2" and "MUAP3", and the firing location of the former template was earlier than the latter template. The results showed that the superimposed waveforms (c) the third superimposed waveform decomposition Figure 5 . Three superimposed waveforms decomposition results had been successfully decomposed by the modeling approach, and the locations of constituent MUAPs could also be acquired.
For checking the coherence of the firing processes between the simulated and extracted MUAPs, the two different types of firing location of each MUAP trains were compared, they were illustrated in Fig. 6 . For the three kinds of MUAPs, their firing sequences which contained the simulated starting locations and detection locations were labeled as "Fir1", "Fir2" and "Fir3", they respectively belonged to the firing sequences of "muap1", "muap2" and "muap3". In Fig. 6 , the dashed lines represented the simulated starting locations, and the solid lines represented the detection locations. The results showed that all the firing locations of the recruited motor units in the synthesized EMG signal were extracted, and the firing processes between the simulated and extracted MUAPs could keep the coherence.
IV. CONCLUSION AND DISCUSSION
For the quantitative analysis of the MUAPs classification, the prior knowledge in the simulated EMG signal was utilized to do the comparison with the classified results. To achieve this target, a combined method of CWT and hypothesis testing was applied to detect the candidate waveforms, the fuzzy kmeans clustering algorithm was used to extract the primary results and the MUAP templates, and finally, the modeling approach was used to solve the problem of the superimposed waveforms. The results showed that the proposed strategy could bring the satisfying performance about the MUAPs recognition.
Currently, for the MUAPs recognition, the measurement method of high-density sEMG signals has been applied in the decomposition processing, because more spatial information about the distribution of MUAPs can be provided [19] .
At the higher contraction force, MUAP number estimation which is considered as the substitute can be used to explore the global firing information of all the motor units. Different from the signal decomposition, the detailed characteristics of MUAP waveforms are neglected by this substituted method [7] [17].
On all accounts, the precise extraction and analysis of MUAPs from the sEMG signals is a challenging work. Using the simulated signal, the proposed method presented well. And for the real sEMG signals, much more work need to be done.
